It has recently been argued that string theory does not admit de Sitter vacua. This would imply that the current accelerated expansion of the universe is not driven by a cosmological constant (or vacuum energy) but by other means such as a quintessential scalar field. Such a scalar field is in general expected to couple to at least some matter species, such as dark matter. Cosmological observations already constrain such dark matter couplings strongly. We argue that there are a number of interesting scenarios to be explored, such as coupling functions which possess a minimum at finite field values. In these theories, the effective gravitational coupling between dark matter particles grows with time and are consistent with observations of the anisotropies in the cosmic microwave background radiation and large scale structures. We argue that such couplings might also help to alleviate the tension between the swampland conjectures and the properties of the quintessential potential. Observational signatures of violations of the equivalence principle in the dark sector are expected in the non-linear regime on intermediate or small scales.
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I. INTRODUCTION
It is well known that the current accelerated expansion of the universe, described very successfully by the cold dark matter (DM) model with a cosmological constant (ΛCDM), is difficult to construct from the bottom-up in particle physics models beyond the standard model. More dramatically, it has recently been conjectured that de Sitter space cannot be embedded in string theory and that there are restrictions on the effective field theory compatible with string theory [1] . These restrictions are called the swampland criteria and are given below. While this conjecture is currently under scrutiny, if true it would either imply that string theory, as currently understood, is wrong or that the current accelerated expansion is not due to a non-vanishing cosmological constant (or vacuum energy) but is driven by some other processes, either by modifications of gravity or new degrees of freedom in the matter sector (dark energy (DE)). Among the best studied models are quintessence fields, in which the expansion at late times is driven by a light scalar field [2] [3] [4] [5] . The swampland criteria on the effective potential V of scalar fields are given by the following inequalities:
where the left hand side denotes the gradient of the potential, M Pl is the reduced Planck mass and c ∼ O(1) is a constant. In addition, the field should not vary more than roughly one Planck unit throughout the history of the universe
where d ∼ O(1), as otherwise light fields become important and the effective field theory becomes invalid (see [9] for a recent review). The swampland criteria have sparked a 1 Extensions of these criteria have been proposed in [6] [7] [8] .
lot of activity recently, because of their implications for inflation (see e.g. [10] [11] [12] [13] [14] [15] [16] [17] [18] ) and dark energy (see e.g. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] ). It has long been argued that a quintessence field should couple to other sectors, unless there is a symmetry which forbids this [33] . This is certainly the case for quintessence fields motivated from string theory, in which the fields usually determine coupling constants. In [19] , the authors argued that the field should at least couple to dark matter, given that the couplings to the standard model particles are strongly constrained. Theories with DE-DM couplings have been studied for some time and models like these are named 'coupled quintessence' [34, 35] . These type of theories are already strongly constrained by current observations of the cosmic microwave background, large scale structures and the expansion history of the universe. As we will see below, for the simplest theories, the couplings allowed are very small. The strength of a fifth force mediated between two DM particles is constrained to be much less than that of gravity [36, 37] , if the coupling is constant. In this paper we argue that one class of models, which could be very relevant for the swampland picture, deserves further studies. In these models the fifth force between DM particles switches on at late times, when the quintessence field starts to roll down its potential energy. These theories can be reconciled with observations of the cosmic microwave background radiation (CMB) as well as large scale structures (LSS), but they predict an equation of state different from the cosmological constant (and in fact can mimic DE with an equation of state w −1) and an effective gravitational constant between DM particles considerably larger than Newton's constant G N . We expect the predictions for structure formation and evolution in these models to deviate from ΛCDM model on intermediate and smaller length scales.
The paper is organized as follows: in the next Section we study first the simplest types of models, based on a conformal coupling. We then modify the theory with a different coupling function which possesses a minimum. In Section 3 we further extend the class of models, allowing for derivative couplings. Our conclusions and an outlook are given in Section 4.
II. THE SIMPLEST MODELS AND AN EXTENSION
A well studied effective field theory setup to introduce a coupling between dark matter and a scalar field φ, is the following. The gravitational field and the standard model field propagate under the influence of the metric g µν , whereas dark matter (DM) particles propagate on geodesic with respect to a second metricg µν . The gravitational field and the scalar field are described by the action
where R is the Ricci-scalar and V (φ) the potential energy of φ. The action for the matter fields consists of
for the standard model fields Ψ i and
for the DM field σ. 2 In what follows, we are interested in processes well after Big Bang Nucleosynthesis (BBN) and assume that dark matter consists of non-relativistic particles. In the simplest case, the relationship between the two metrics is via a conformal transformationg µν = C(φ)g µν , where C(φ) is a generic function of φ. As a consequence, DM particles do not propagate on geodesics with respect to the metric g µν but there is an additional force, mediated by φ acting on DM particles. For long-ranged forces, which in case of the light quintessence fields we are considering here are of order of the horizon size, the effective Newton's constant is given by (G N is Newton's constant)
with
is the coupling. From the perspective of the action, the masses of the DM particles become field dependent with m(φ) = m 0 C(φ), where m 0 is a bare mass parameter setting the overall mass scale of the DM particles (see e.g. [40] ). This exchange of dark energy (DE) and nonrelativistic DM implies that the DM density does not scale like baryons (for which the energy density ρ b scales like a −3 , where a is the scale factor describing the expansion of space), but depending on the details of the energy exchange decays either faster or slower than baryons. The density of DM particles is given by ρ c = m(φ)/a 3 , resulting in the energy conservation [34] 
where H =ȧ/a is the expansion rate and the dot denotes the derivative with respect to cosmic time. This equation can be also obtained directly from the action (5), where the energy momentum tensor for dark matter is defined as
and DM is modelled as a non-relativistic fluid. The evolution of the scalar field is given bÿ
The modified energy conservation equation implies that, in general, the ratio of the density parameter of baryons and DM Ω b /Ω DM = ρ b /ρ DM at last scattering is different as it would be expected in the ΛCDM model. As a consequence, in these theories the positions and relative heights of the peaks and valleys in the CMB anisotropy power spectrum have changed compared to the ΛCDM model [41] .
For concreteness, in this paper we will focus on the case of an exponential potential for the scalar field with V (φ) = V 0 exp(−λφ/M Pl ). A widely studied example for the coupling is the case of (α is constant)
in which the coupling (7) is given by β = α and is constant [34, 35] . For this particular choice, the effective gravitational coupling between two DM particles is enhanced by a constant factor 1 + 2α 2 . Constraints coming from supernovae data, baryonic acoustic oscillations and large scale structures put upper bounds on the parameter α and λ, which are roughly α 0.05 and λ 1 at 2σ [36] . That means that the additional force has to be 5 × 10 −3 smaller than gravity in this model. Given that α is constrained to be very small, this model looks rather unattractive.
Dark energy and the least coupling principle
While the coupling function (11) is well motivated, we will consider an appealing modification, in which the coupling function C(φ) possesses a minimum. Since according to the swampland conjectures the evolution of the scalar field is below the Planck mass (see eq. (2)), we expand C(φ) around its minimum at φ * : In this paper we choose, without the loss of generality, φ * = 1M Pl . Furthermore, we will choose α to be positive, so that φ * is the minimum of the coupling function and not the maximum. Most of our calculations below assume φ ini = φ * , but we will briefly discuss the effect of a displacement from φ * in the very early universe as well as discuss two processes in the very early universe which drive the field towards φ * . The case for coupling functions with minima in string theory has been discussed in [42, 43] and in [44] in the context of dark energy physics. Since the density of DM does not scale like a −3 , we define an effective energy density for DE as
We have therefore split the part of ρ c , which does not scale a −3 and included it in the energy density for the DE sector. As a result, the effective equation of state for DE is now given by [45] 
where ρ φ and p φ are the energy density and pressure of the scalar field, respectively. From the definition, w DE,0 = (p φ /ρ φ ) 0 = w φ,0 today in all models. In the uncoupled case, this expression becomes the standard expression w DE = w φ = p φ /ρ φ for all times. To study numerically the background evolution as well as the evolution of cosmological perturbations, we have used a modified version of the CLASS code [36, 46] . We refer to [41] and references therein, where all relevant equations for the cosmological perturbations can be found. In the following, we will consider two parameter choices. The first model (M1) has the parameters α = 3 and λ = 0.5, whereas in the second model (M2), we choose α = 5.0 and λ = 0.6. And to be concrete in the examples, we fix the other cosmological parameter as follows (h is the Hubble parameter today in units of 100 km s Figure 1 . In both models, the evolution of the scalar field is such that the variation ∆φ < 1M Pl .
The evolution of the effective gravitational constant in both models is shown in the lower plot in Figure 1 . As it can be seen from this figure, once the potential energy of the scalar field becomes dynamically important, the field starts to evolve and the coupling between DM and DE increases. As a result, a long-range fifth force between DM appears at a redshift of about z ≈ 2. In both models, the gravitational coupling between DM particles today is considerably larger than G N .
Note that the same value of λ does lead to different predictions of the equation of state today if α is varied (see Figure 2 ). This is because while the field wants to roll down the potential to larger values of φ, its motion is hindered by the presence of the coupling, which grows as φ gets larger. Thus, unlike in the uncoupled counterpart, the model discussed here may allow for slightly larger values of λ. This strongly suggests that the couplings to DM thus help to alleviate the tension of the model with the swampland conjecture (1). In table I, we show the results for ω eff,0 , σ 8 and G eff,0 /G N for different choices of α but fixed λ = 0.6. As it can be seen, the effective equation of state moves in- deed towards ω = −1, but for very large values of α, the value of σ 8 becomes larger. We will in future work compare the theory to cosmological data, but it is clear that large violations of the equivalence principle in the dark sector today are not necessarily disallowed by current cosmological observations. The predictions for the CMB anisotropies spectrum are shown in Figure 3 , in which we compare models M1 and M2 to the ΛCDM model. As it can be seen, both models M1 and M2 deviate only slightly from ΛCDM, despite the effective gravitational coupling today being considerably larger. We will constrain the model with cosmological data in future work. Furthermore, it would be interesting to consider changes to the form of the potential, e.g. considering a double exponential [47] or changing the kinetic term of the scalar field (e.g. see [48] ).
We end this section by addressing the initial conditions for the DE field. The model seems fine-tuned, in the sense that we have chosen the value of φ in the very early universe to be at the extremum of the coupling function C(φ). If the field would not be at the minimum φ * in the very early universe, the effective gravitational constant would be larger than G N early on. In this case, we find that the matter power spectrum is enhanced for small and intermediate wavenumbers k, as shown in Fig 4, where we fix λ and α, but vary φ ini . We also show the evolution of the
FIG. 4. Upper plot:
The predictions for the linear matter power spectrum for different initial conditions for the scalar field. For both curves, we have chosen λ = 0.5 and α = 3. Lower plot: Evolution of the effective gravitational constant G eff for different initial conditions for the scalar field. The evolution of G eff is essentially the same in both models for redshifts below z = 200, but differs substantially at higher redshifts.
effective gravitational constant. The field starts at a value φ ini away from the minimum. As soon as the matter density becomes important, the coupling affects the evolution of the field and drives it towards the minimum φ * . Once it has settled at the minimum, the evolution is the same as in a model for which φ ini = φ * . The enhanced gravitational constant in the late radiation dominated epoch results in an enhancement of the power spectrum and therefore larger values for σ 8 .
Attractor mechanism in the very early universe
There are two processes which drive the field towards the minimum of the coupling function C(φ) in the very early universe. One mechanism is provided by inflation and the other one at the time dark matter becomes non-relativistic.
Let us first consider a set of inflaton fields χ i , which roll down their potential energy U (χ i ). If φ is coupled to the fields χ i in the same way as it is coupled to DM, then the action of the theory is
Writing the action fully in terms of the metric g µν , we find that
, (15) where we have neglected the dark energy potential V (φ) since it plays no role in the very early universe. Theories of this kind have been studied for one field χ in e.g. [49] . The equations of motion for the fields are given bÿ
We want to show that field φ is driven very quickly to the minimum of the coupling function during inflation and it is sufficient to show this for one field as the addition of additional scalar fields in the action above drive the field even faster to the minimum. In the case of one inflaton field χ, the equations of motion for χ and φ arë
where we have definedŨ (φ, χ) = C 2 (φ)U (χ). Noting that ∂Ũ /∂φ = 2C CU (χ) = 4βŨ /M Pl , we can see from the equation of motion for φ, that it is driven by the derivative of the coupling function. If this function has a minimum, the field will be driven towards it and eventually settle at this point 3 . To be concrete, we consider a model with a plateau potential (see e.g. [13] ), which is a model consistent with the swampland conjectures. We choose
For this potential we solve the equations of motion (18) and (19) , to show that φ settles very quickly in the minimum of the coupling function. The minimum of C(φ) is again to be chosen at φ * = 1M Pl and we displace the field from the minimum by a maximal amount consistent with the Pl for the parameter in the potential and α = 5 in the coupling function. Inflation lasts more than 50 e-folds. The field φ is driven quickly to the minimum value φ * , whereas χ rolls down its potential.
swampland distance conjecture and set φ ini = 2M Pl . We choose χ ini = 0.95M Pl . The result for the evolution of the fields is shown in Figure 5 for the first 10 e-folds (in that figure we have chosen α = 5). As it can be seen, the DE field φ indeed settles within the first couple of e-folds to the value φ * , as expected. After that, φ is a spectator field during inflation and inflation is purely driven by the field χ. In the case of several inflaton fields, the same will happen: φ will settle quickly at the minimum and inflation is driven by the fields χ i .
The field φ will move away from φ * as soon as the potential V (φ) becomes dynamically important in the late universe at a redshift z ≈ 1. The scenario above requires that φ is coupled to at least one inflaton field as in the action (14) . But, as just seen, it is a rather efficient attractor mechanism.
Let us turn to a second mechanism which drives the field towards the minimum after inflation. In the very early universe, DM is initially non-relativistic and becomes in many scenarios non-relativistic before BBN at temperatures above MeV. In the case of DM with a general equation of state (p DM is the pressure of the DM fluid) w c = p DM /ρ DM , the equations governing the energy density and the scalar field becomė
andφ
since the conformally coupled scalar field couples to the trace of the DM energy momentum tensor. Initially, DM is relativistic and the trace of the energy-momentum tensor (nearly) vanishes. Assuming that the potential energy does not play a role, the field is heavily damped by the Hubble expansion. At a temperature T ∼ m DM (m DM is the mass of the DM particle), DM becomes quickly non-relativistic (which happens well before BBN for heavy DM particles) and the right-hand-side (RHS) of the Klein-Gordon equation does no longer vanish if the field is not at the minimum φ * . The field gets a 'kick' and is then driven by the term on the RHS towards the minimum value of the function β (and hence C(φ)). Such a mechanism has been studied in [50] for scalar-tensor theories and in [51] for chameleon theories. In scalar-tensor theories usually all matter species are universally coupled to the scalar degree of freedom and the field gets a kick whenever a species becomes non-relativistic. In the present theory, the field gets a kick only once if there is only one species of DM. This attractor mechanism is therefore not as efficient as in a universally coupled scalar-tensor theory. To show that the kick will displace the field by at most 1M Pl , following [51] (Appendix 2) we can estimate the displacement by approximating the RHS of the KleinGordon equation (22) by a delta-function source, i.e.
where g DM is the number of internal degrees of freedom, g * is the effective number of relativistic degrees of freedom and t 0 is the time of the kick at which T ∼ m DM . Integrating this equation one finds the displacement [51] ∆φ
where the coupling function β is evaluated at the time t 0 . The expression for β is
For the extreme case that φ is displaced from the minimum by one Planck unit (φ − φ * = 1M Pl ) at the time of the kick, we find that |β| ≤ 1 for all values of α. For a heavy DM particle with m DM ≈ 10 2 GeV, we have g DM /g * ≈ 10 −2 . For a somewhat lighter DM particle, g * might be somewhat smaller than 100 at the time when the particle becomes non-relativistic and the ratio g DM /g * may be pushed to be of order 0.1, but it is still well below one. Thus, the field is displaced by the kick by an amount much smaller than the Planck mass. If there were several DM species, the field gets a kick whenever a DM species becomes non-relativistic. The total displacement can be estimated from (24) by summing up individual contributions.
To conclude, both during inflation and at the time when DM becomes non-relativistic the field is naturally driven towards the minimum of the coupling function C(φ). This attractor mechanism is a rather attractive feature of the model just discussed.
III. DERIVATIVE COUPLINGS
Among the extensions of the theories discussed above are theories in which derivative couplings between DM and DE are allowed. A well motivated example of such a theory is in which the conformal transformation discussed above is extended to include a disformal term. That is, instead of a purely conformal relation between the metric g andg, we allow for a disformal relation of the form (the comma represents the derivative with respect to the coordinates)
where the term containing the function D(φ) is the disformal term. Such theories appear naturally in theories with branes, in which the disformal term originates from the induced metric on the brane containing the DM particles. In general, the disformal coupling D(φ) introduces a new mass scale into this theory. A specific, string-inspired set-up has been studied in [52] , in which the functions C and D are of power-law form, dictated by the geometry of the higherdimensional space. In [36, 41, [53] [54] [55] , the exponential form D(φ) = M −4 exp(2γφ) has been studied in detail. Assuming a canonical kinetic term for the DE field, the effective coupling is now specified by the function
where T µν DM is the DM energy tensor and T DM its trace. In cosmology, Q can be written as
(28) for a pressureless fluid. For the exponential potential and exponential couplings, it was shown in [54] that the coupling is very small in the early universe and until late in the matter dominated epoch, due to the suppression by the denominator. At a redshift z ≈ 3, the coupling grows and DM particles begin to feel the force mediated by φ. In Figure 6 we show the evolution of the effective gravitational constant in a purely disformal model, in which C(φ) = 1 and D = 1/M 4 and an exponential potential. The choices shown are M = 2.5 meV and λ = 0.5 for model D1 and M = 4 meV and λ = 0.7 for model D2. The choice of λ and the mass scale M affect the behaviour of the effective gravitational constant substantially but both models are in the 2σ region of allowed parameter space [36] . We emphasize again that a growing effective gravitational constant is a prediction of these models, providing another motivation to search for equivalence principle violations in the dark sector.
IV. CONCLUSIONS
If the swampland conjectures survive further theoretical scrutiny, they will have considerable impact on modelling In this paper we have discussed the question of DM-DE couplings in the context of the swampland conjectures. In the well-studied case of the coupling specified by (11), the fifth force, which acts continuously throughout the history of the universe in this model, has to be much smaller than the gravitational force. We have argued and shown that another class of models is worth investigating, in which the fifth force between dark matter particles appears at redshifts when dark energy becomes dynamically important. We have discussed two models: one with purely conformal coupling and one which allows for disformal couplings. For the conformal coupling, we have studied the case of a coupling function which possesses a minimum. We have argued that the field is driven towards the minimum in the very early universe. In the very early universe, the DE field becomes essentially uncoupled from DM and is stuck at a fixed field value. This provides an explanation for the initial condition of the quintessence field. Deep inside the matter area, the potential energy drives the scalar field away from the minimum. Since the coupling no longer vanishes, a long-range fifth force between DM particles appears. Importantly, we have shown that since the motion of the quintessence field is slowed down by the matter coupling, larger values of λ for the exponential potential are potentially allowed by observations. On the other hand, the enhanced gravitational constant leads to larger predicted values for σ 8 [36, 41] . We will study the predictions and the constraints on the parameter of the theory in detail in future work. Finally, we have pointed out that timevarying couplings between DE and DM appears naturally in theories with derivative couplings, such as in disformally coupled models. In these modes the effective coupling is a function of the DM density as well as on the time-derivative of the scalar field.
For both types of theories, the inferred DE equation of state can mimic that of a tachyon field with w −1 at intermediate redshift, but the theory predicts that, today, w ≥ −1. It is therefore important to measure the DE equation of state for redshifts 0 ≤ z ≤ 2 to high accuracy. Since the effective gravitational coupling between two DM particles can today be substantially bigger than gravity alone, our work motivates searches for equivalence principle violations in the dark sector at various redshifts and in the non-linear regime [56] . One test has been suggested in [57] , using satellite galaxies which are tidally disrupted by the Milky Way. It would be worth investigating this test in the context of the theories discussed here.
